Integrated computational materials engineering principles have been applied to the deposition of thermal barrier coatings onto an airfoil substrate using a gas jet assisted, electron beam-physical vapor deposition technique. The substrates contain non-line-of-sight regions, which would be impossible to coat with traditional physical vapor deposition techniques. Vapor phase direct simulation Monte Carlo and surface growth kinetic Monte Carlo simulations are used to study deposition conditions. Direct simulation Monte Carlo is used to investigate vapor transport to the substrate surface under varying processing conditions, while kinetic Monte Carlo is used to study microstructural and porosity formation along the surface. The surface impact results of the direct simulation Monte Carlo code are used as inputs to the kinetic Monte Carlo simulation, and the combined techniques are used to determine optimum deposition conditions with respect to coating uniformity, porosity, and deposition rate.
I. Introduction
NTEGRATED Computational Materials Engineering (ICME) principles have become important guides for the engineering design process of turbine components.
1,2 ICME has been applied to the development of several turbine components, including turbine disks, 3 cast components, 4, 5 and plasma sprayed thermal barrier coatings (TBCs). 6, 7 These projects used a sophisticated array of simulation methods to study various parts of the production process, and the installed performance of materials on various time and size scales. The projects of Beck et. al included analysis of plasma sprayed TBC processing and installed performance, although they did not include processing of vapor deposited coatings, which this report will discuss.
The past two decades have seen extensive research efforts towards the development of TBCs. Studies have analyzed ideal processing conditions, [8] [9] [10] coating lifetime performance, [10] [11] [12] [13] and composition optimization. [13] [14] [15] [16] [17] A current goal of TBC research is to investigate the deposition of coatings onto non-line-of-sight (NLOS) substrates, which have regions not directly visible from the deposition material source. This capability would greatly reduce the complications found in current deposition processes. Several deposition methods [18] [19] [20] [21] are under development to create this ability. The technique discussed in this paper, known as Electron Beam-Directed Vapor Deposition (DVD), promises the capability of NLOS deposition.
The Directed Vapor Deposition technique has been under development by the Intelligent Processing of Materials (IPM) laboratory at the University of Virginia since the mid 1990's. 8, 9, 18, [22] [23] [24] DVD utilizes a carrier gas to modify the trajectories of vapor atoms. Modifying the flow conditions allows for controlled deposition onto NLOS regions. DVD has been used extensively to deposit TBCs. 8, 9, 17, 25 It has also been used to create bond coats 26, 27 and Lipon battery films, 28 among other applications. The NLOS deposition capability of DVD was demonstrated by creating a uniform coating on a cylindrical fiber. 18 A pair of atomic Monte Carlo codes have been applied to study the deposition of TBCs onto airfoil substrates. The simulation methods include a Direct Simulation Monte Carlo (DSMC) program 29 to simulate vapor-phase conditions in the deposition chamber, and a kinetic Monte Carlo (KMC) program 30 to simulate the microstructural development of the coating during deposition. The Monte Carlo techniques have the advantage of simulating behavior over a realistic timeframe at the atomic scale with a much higher efficiency than deterministic Molecular Dynamics methods. The Monte Carlo techniques use probabilistic approximations to achieve this efficiency. The DSMC method approximates molecular collisions, while the KMC method probabilistically selects diffusional atomic jumps. The results from the DSMC program can be used as input for the KMC simulations, allowing for simulation of the coating thickness profile and microstructural development directly from the input conditions of the deposition process.
II. Methods

A. Directed Vapor Deposition
The DVD technique utilizes a carrier gas of helium or argon in a relatively high pressure (10-100 Pa) environment to modify the trajectory of vapor atoms evaporated by a high voltage (70 kV/10 kW) electron beam gun. The source material is evaporated from a water-cooled copper crucible capable of holding four source rods at a time. A schematic of the DVD chamber is shown in Fig. 1 . The technique allows for high deposition rates (2-10 µm/min) and high utilization efficiency (50-60%) of source material. During the deposition of ceramic materials, oxygen can be added to the carrier gas to ensure the desired coating stoichiometry. The carrier gas jet is generated by expansion through a nozzle surrounding the evaporation site. The expansion of the gas jet is forced by the upstream/downstream pressure ratio through the nozzle. The jet velocity increases with increasing pressure ratio. A pressure ratio greater than two will result in supersonic expansion.
The TBC microstructures produced by DVD are similar to the highly textured, columnar microstructures produced by traditional physical vapor deposition techniques, rather than the layered-platelet structure found in advanced plasma spray coatings. This microstructure accommodates thermally induced stress caused by the thermal expansion mismatch between the ceramic coating and metal substrate, which enhances cyclic spallation life. The DVD process allows for the control of many variables, including carrier gas flow rates, e-beam gun power and scan pattern, substrate temperature, and substrate rotation.
Depositions and simulations were conducted on a pseudo-airfoil substrate. The substrate was held stationary during deposition to allow for study of NLOS effects. The substrate was positioned with the chord line parallel to the main vapor jet direction. The leading edge lies closest to the vapor source with a source to substrate distance of 30cm. The orientation is shown in Fig. 2 and 3 .
B. Vapor-Phase Simulations
The DSMC code Icarus developed at Sandia National Laboratories 29, [31] [32] [33] [34] was used to simulate vapor phase conditions in the DVD chamber. The DSMC method uses a binary collision model to simulate rarefied gas dynamics. The gas flow evolves through a sequence of collision and free evolution time steps. Collision partners are selected from the local simulation region using a probabilistic Monte Carlo technique.
Their interaction potentials are determined by a variable hard sphere method. A more extensive description of the DSMC technique can be found in Ref. 35 Icarus is a 2D simulation code with the ability to model axisymmetric and Cartesian simulation grid configurations. The deposition chamber was simulated using a single reactor-scale grid, shown in Fig. 2 . The carrier gas and deposition material are input at the labeled locations, while the other boundaries are maintained at equilibrium conditions defined by the chamber pressure. Zirconium atoms were used as the trace deposition species with a carrier gas composed of 90% helium and 10% oxygen.
The inputs required for the DSMC simulations include the carrier gas flow rate, chamber pressure, deposition material evaporation rate, and vapor species collisional parameters. The flow rate and chamber pressure were varied during simulations, while the evaporation rate was held constant at a specified value. Vapor species collisional parameters are often the limiting factor to DSMC implementation and accuracy when simulating species with high vaporization points. There is limited availability of parameters for refractory metals and virtually no data for ceramic materials. Previously developed approximation procedures were utilized to determine flow parameters of the zirconium atoms. 36 The DSMC simulations produce a flow field for all constituents, along with vapor impact information along the substrate surface. The flow field results can be analyzed for concentration, velocity, and temperature fields of each fig. 3 . The surface impact information includes the atomic flux profiles, incidence angle distributions (IAD), and incidence energy distributions along the solid surface. The impact information can be utilized as inputs for KMC simulations. 
C. Coating Microstructure Simulations
The KMC simulations are performed with a code originally developed by Yang in the IPM lab at the University of Virginia. 30, 37, 38 The KMC method enables the simulation of atomic deposition onto a specified 2D lattice with realistic time progression by linking surface diffusion jump rates with deposition rates. The total probability of all possible diffusional jumps is calculated after each deposition step. In between depositions, diffusional jumps are performed along the substrate surface. With each jump the simulation is advanced by the inverse of the total jump rate. The next atom is deposited after an interval of time equal to the inverse of the deposition rate has elapsed. A more detailed description of the KMC method can be found in Ref. 30 . A schematic of the KMC technique is shown in Fig. 4 . The jump probabilities were determined by an embedded atom method for nickel atoms. 30 The model can be approximated to other materials by scaling the simulation temperature by the melting point of the material. The ratio of simulation temperature to melting point determines the jump energy barriers and rates. KMC simulations are much faster to execute than comparable molecular dynamics simulations, but require a static lattice and produce non-deterministic results.
Previous research has shown that the columnar growth found in TBCs results from flux shadowing. 24 An example shadowing condition is shown in Fig. 4 . Shadowing can be caused by a broad IAD, initial surface roughness, or a combination of both factors. The column width, porosity, and periodicity can be modified by manipulation of initial surface asperity height, width, and spacing.
For the simulations presented here, an initial surface configuration known to produce results similar to experiment 24 was selected and is shown in Fig. 5 .
The KMC simulations use the IADs resulting from the DSMC simulations as their incident atom angular distributions. The simulations can also use DSMC deposition rates and substrate temperatures as input parameters. Experimentally determined surface roughness can be adapted for the KMC simulations. The simulations presented used 250,000 deposition atoms and were performed at a temperature equivalent to a 0.22 ratio of simulation temperature to melting temperature. KMC simulations output a 2D microstructure, which can be analyzed for density and porosity configuration.
D. Combined Simulation Methods
Simulations were performed to study deposition onto stationary pseudo-airfoil substrates. Deposition conditions were varied to determine their impact on NLOS deposition. Fig. 6 shows the flow of information between each simulation method and the deposition experiments. To begin the integrated cycle, inputs to the DSMC simulation are specified using previous simulation and experimental experience. Next, the substrate impact information determined by DSMC simulation is input into the KMC code, along with specified substrate roughness and temperature. Multiple KMC simulations are performed using the DSMC results from various areas of the substrate surface. This two-step process allows for multiple KMC variations to be simultaneously performed using the same DSMC results. The combined simulation results are then used to guide experimental depositions.
III. Results
A. Vapor Phase Simulations
The DSMC results showed that NLOS coating uniformity is controlled primarily through two deposition variables: the chamber pressure and the pressure ratio between the upstream and downstream regions of the carrier gas inlet nozzle. These variables control the vapor flux by modifying the number of scattering collisions vapor atoms encounter as they travel from deposition source to substrate, and by adjusting the velocities of the vapor atoms. An increased chamber pressure results in more scattering collisions with lower vapor atom velocities, while increasing the pressure ratio results in fewer collisions and a higher vapor jet velocity. The variables can be manipulated independently of each other. Both the vapor atom velocity and scattering behavior are important to coating uniformity in NLOS regions. High velocities at oblique incidences to the substrate surface allow vapor atoms to travel further into the NLOS region before depositing, while scattering collisions can knock the deposition atoms into the substrate surface. DSMC simulations reveal that the most uniform coating thickness profiles result from a combination of moderate chamber pressure and low pressure ratio. The flux profiles along the concave surface at varying pressure ratios and chamber pressures are shown in Fig. 7 . The profiles show a balance between the rate of scattering collisions into the substrate and the vapor available for depositions. At high chamber pressures and low pressure ratios, the vapor flux is quickly deposited onto the front of the airfoil. This depletes the available vapor from the carrier gas flow and prevents deposition further into the NLOS region. At low pressure and high pressure ratios, there is minimal deposition near the front of the NLOS surface, due to the lack of scattering collisions. The profiles along the convex surface at the same conditions are shown in Fig. 8 . Along the convex surface, the flux profile is much less sensitive to condition changes as the substrate shape controls the profile more than deposition conditions. The flux maximum is always near the leading edge with a monotonic decrease towards the trailing edge. o and +90 o with normal incidence defined as 0 o . In regions with a direct line-of-sight, the IAD is narrow and shifted in the direction of the primary vapor jet. An IAD with these traits is shown in Fig.  9 .1, near the leading edge of the airfoil on the convex surface. As one travels along the convex surface from the leading edge, the IAD becomes even narrower and shifts further from normal incidence, as in Fig. 9 .2. This IAD shape results from atoms depositing at a glancing angle. After passing into the NLOS region of the convex surface, the IAD quickly becomes broad as shown in Fig. 9 .3. All atoms depositing onto this surface region were deflected into it by scattering collisions, which randomize their incidence direction. On the concave surface, near the leading edge ( Fig. 9.4) , the IAD has a similarly narrow and skewed shape. In the NLOS region of the concave side, the IAD is much broader and the maximum shifts towards normal incidence. The broad IAD demonstrates the direction randomizing effects of scattering collisions, while the close to normal incidence maximum shows a reduced dependence on the primary vapor jet direction. This IAD shape is found along the majority of the concave surface. The IADs determined by DSMC simulation and shown in Fig. 9 were used as inputs for KMC simulations.
B. Coating Microstructure Simulations
In vapor deposition, the angle of columnar growth has often been predicted through the use of the tangent rule, where the deposition angle of incidence, α, is correlated to the growth angle, β, through Eq. 1.
tan(α) = 2 tan(β) (1) However, this law is only valid for one directional fluxes and is not applicable in substrate regions with wide IADs where no single angle of incidence can be specified. Wide IADs occur both in NLOS regions and in line-ofsight regions influenced by scattering collisions. In these areas, KMC simulations are useful tools for growth angle and porosity predictions. Figure 10 shows the KMC microstructures determined from the corresponding IADs in Figure 9 . IADs from various points around the substrate surface. Subplots 1-3 are from the convex surface and subplots 4-6 are from the concave surface. Fig. 9 . Near the leading edge on the convex side ( Fig. 10.1) , the coating has somewhat wide and slightly tilted columns. Further away from the leading edge, the columns become narrower and much more tilted as shown in Fig.  10 .2. In the NLOS region along the trailing half of the airfoil, the columns are once again wider and have only a slight growth angle (Fig. 10.3 ). Along the concave surface, columnar growth is thin and tilted near the leading edge Figure 10 . KMC simulated microstructures (Fig. 10.4) , but for the majority of the surface the columns widen and grow more normally oriented, as in Fig. 10 .5-6. The KMC microstructures can be compared to experimentally deposited microstructures.
C. Experimental Depositions
Experimental depositions were performed at a chamber pressure of 16Pa and a pressure ratio of 3.4, matching the simulated conditions. The substrate was heated to ~1000 o C during deposition. Experimentally deposited coatings show similar microstructural trends to those found in the simulation results of Fig. 11 . Along the convex side near the leading edge, the columns are tilted and closely packed. Further along the surface, the columns become even more tilted, but begin to be separated by larger pores (Fig. 11.2) . The columns also begin to spread, taking a more fan like appearance, and coating thickness sharply decreases (note the increase in magnification power in Fig. 11.2-3 ). Near the trailing edge, the coating is thin and has an increased porosity (Fig. 11.3) . Here, the columns are replaced by broad and porous fan like structures, due to the broad IAD shown in Fig. 9.3 . Along the concave surface, the microstructures found near the leading edge (Fig. 11.4) are less uniformly columnar, more fanlike, and with larger pores between columns than the microstructures near the leading edge of the convex surface ( Fig. 11.1 ). Areas further along the concave surface have more normally oriented growth with a gradual increase in porosity (Fig. 11.5-6 ). A comparison between the experimental and corresponding simulated thickness profiles on both the convex and concave sides is displayed in Fig. 12 . The results show good agreement between simulation and experiment. Along the convex surface in Fig. 12a , there is a gradual decrease in thickness from the leading to trailing edge, which reaches a minimum at the trailing edge farthest from the vapor source. Along the concave surface in Fig. 12b , the coating near the leading edge is much thicker than along the remainder of the surface. There is a minimum thickness immediately behind the leading edge, after which the thickness slightly increases as more flux is scattered into the surface.
IV. Discussion
ICME principles have been used to determine simulated TBC thickness profiles and microstructures around an airfoil substrate and to compare these results with experimental data. The combination of simulation techniques and experimental studies allows the IPM laboratory to quickly and efficiently evaluate processing performance. Although the simulation methods utilized are not quantitative, they provide insight into how coating deposition varies with deposition conditions. Combining the simulated trend with knowledge from previous depositions allows for a quick determination of coating behavior with condition variation, reducing the need for exploratory experimental depositions.
Uniform deposition in NLOS regions requires two main conditions during deposition: 1) an adequate concentration of vapor atoms should be entrained in gas flow near the substrate surface and 2) an adequate number of scattering collisions with carrier gas should be available to deflect the atoms into the substrate surface. The first condition requires that the carrier gas jet transport atoms around the line-of-sight substrate regions without deposition occurring, while the second condition requires atoms to be knocked out of the flow and into the substrate surface. If either of these conditions is not satisfied, NLOS deposition will be minimal. A balance between these requirements can be achieved in the DVD system by adjusting the deposition chamber pressure and upstream/downstream pressure ratio. DSMC simulations are an effective way to determine an optimized balance between these conditions. Coating microstructure can also vary around the surface of a NLOS substrate. The coating microstructure found in NLOS regions is typically more porous than in line-of-sight regions, due to the broad IAD of the incident atoms. Coatings in NLOS regions also have varied columnar growth angles with only a slight dependence on the primary direction of the carrier gas jet. The variation in porosity and column growth angles will cause variation in thermal conductivity and strain tolerance. Using DSMC results in conjunction with KMC simulations allow for prediction of microstructural variation along the length of the substrate.
V. Conclusion
ICME techniques can be beneficial in the university research setting. A mixed group of computational and experimental researchers can use simulations to accelerate research pace and decrease the number of experimental trials needed to determine behavior. Using a combined simulation and experimental approach allowed for the controled deposition of a thermal barrier coating on a non-line-of-sight substrate. The DSMC and KMC simulations allow for the calculation of coating thickness and microstructure, and their variation with changes in the deposition conditions. Future work will apply ICME principles to the deposition of thermal barrier coatings onto doublet guide vane substrates.
